The growth of Isochrysis galbana was examined under flashing-and non-flashing-light conditions. Cell densities were higher under flashing light at 104 µmol photons m -2 s -1 than at 60 µmol m -2 s -1 . At high daily irradiance, cell densities were significantly higher under flashing light at most frequencies than in control cultures under non-flashing light. Final cell density was highest at a flash frequency of 10 kHz, at approximately 1.3 times those of control cultures. For cultures at 10 kHz flash frequency, final cell densities at duty cycles from 40 to 80% were about 1.7 times those at 11%.
INTRODUCTION
The haptophyte Isochrysis galbana is widely used as a food source for cultured bivalve and shrimp larvae (Kaplan et al., 1986; Sukenik and Wahnon, 1991; SaoudiHelis et al., 1994; Phatarpekar et al., 2000; Sánchez et al., 2000) . Mass quantities of this microalga are often cultured indoors to avoid the effects of external factors, such as weather or contamination by other species (Toba and Miyama, 1993; Ueno, 2003) . Light conditions are among the most important factors controlling indoor culture of microalgae. Many studies have investigated the effects of light conditions on the growth of microalgae, including I. galbana, by using continuous light on a diel light:dark cycle (Falkowski, 1980 (Falkowski, , 1983 Falkowski et al., 1985; Prézelin, 1981; Richardson et al., 1983; Sukenik and Wahnon, 1991; Grobbelaar et al., 1996) . The optimum light levels for growth of several microalgae have been determined (Kirk, 1983; Raven, 1984;  *Corresponding author. E-mail: arakawa@kaiyodai.ac.jp. Tel: +81-3-5463-0467. Fax: +81-3-5463-0467. Dubinsky, 1986; Falkowski and Raven, 1997; Falkowski et al., 1985; Tzovenis et al., 2003) . The optimum conditions for growth and photosynthesis vary with microalgal species and cell density Oh et al., 2008) .
Light emitting diodes (LEDs) have several advantages as light sources (Park and Lee, 2000) . For example, LEDs use less power than fluorescent lamps, giving them an economic advantage. Our goal here was to determine the optimum light conditions for mass culture of I. galbana using LEDs as a light source. The effects of flashing light on microalgal growth vary with cell density and with the flash frequency and light:dark duty cycle of the light Lee, 2000, 2001) . Under suitable conditions, flashing light can enhance photosynthesis and growth of cultured microalgae Lee, 2000, 2001) . However, there have been few studies of high-frequency, low-intensity flashing light, which causes less photoinhibition than high light intensity, or of the growth of microlagae under low initial cell densities. Therefore, our specific goal was to determine which frequencies and duty cycles of lowintensity, flashing white light produced the maximum growth of I. galbana.
MATERIALS AND METHODS

Experimental organism and apparatus
I. galbana was obtained from the National Research Institute of Aquaculture, Fisheries Research Agency, Japan, and cultured at 20°C in F/2 medium (Guillard and Ryther, 1962) under 20 µmol photons m -2 s -1 on a 12:12 h light:dark cycle before experimental use. During experiments, the algae were grown in two beakers, each containing 500 ml of F/2 medium. The experimental culture in one beaker was exposed to flashing light and the control culture in the other was exposed to non-flashing light at the same daily irradiance. The beakers were painted black to eliminate reflected light and were held in a water bath at 20 ± 0.5°C. Ma gnetic stirrers kept the cells in suspension for uniform illumination. Initial cell densities for each experiment were approximately 2.0 × 10 5 cells mL -1 . The experimental and control cultures were grown for 6 days, and cell densities were measured on days 3 and 6.
Effect of light flash frequency on growth
Flashing or non-flashing light was provided by white LED panels (INL-S305x302-WWWW; CCS Inc., Kyoto, Japan). For flashing-light conditions, the irradiance (µmol photons m -2 s -1 ), frequency (Hz), and duty cycle (proportion [%] of light duration in each light-dark pulse) were controlled with a panel control device (ISC-101-4, CCS Inc.). The flashing light pulse profile was rectangular.
Control cultures received non-flashing light on a 12:12 h light:dark cycle at 60 or 104 µmol m -2 s -1 of photosynthetically available radiation, which provided a daily irradiance of 2.6 or 4.5 mol m -2 day -1 . Flashing-light conditions continued over 24 h; therefore, the cumulative irradiances over each second were half those of controls (30 or 52 µmol m -2 s -1 ) to equalize the daily irradiance. Irradiance was measured with a Li-Cor LI-250 photometer (Li-Cor Inc., Lincoln, Nebraska, U.S.A.). Experimental culture conditions included 10 frequencies of flashing light (1, 10, and 100 Hz, and 1, 2.5, 5, 10, 30, 50, and 100 kHz) with duty cycles of 50% (light period = dark period for each pulse). For example, at a flash frequency of 1 Hz, both the light and the dark interval were 500 ms.
Effect of flash duty cycle on growth
To test the effect of the light flash duty cycle, experimental cultures were grown under seven duty cycles (11, 30, 40, 50, 60, 70, and 80%) , with the flash frequency fixed at 10 kHz. For example, each flash at a duty cycle of 11% was composed of 11 µs of light followed by 89 µs of dark. To obtain the same daily irradiance as for the controls (4.5 mol photons m -2 day -1 ), the irradiance of the flashing light was adjusted to 473, 173, 130, 104, 87, 74 , or 65 µmol m -2 s -1 , respectively, for the 11, 30, 40, 50%, 60, 70, and 80% duty cycles.
Cell counts and statistical analysis
To compare the growth in different treatment and control cultures, a 10 mL sample was collected from each culture vessel and diluted by a factor of 20 with filtered seawater. Microalgae were counted with a Coulter Counter Multisizer II (Beckman-Coulter Inc., Brea, California, U.S.A.) with a 100 µm aperture tube. Final cell densities of treatment and control cultures were compared by using analysis of variance (ANOVA) and Bonferroni parametric multiple t-tests (Nagoya City University, 2010 , however, cultures grown under flashing light at frequencies from 10 Hz to 100 kHz (with the exception of 50 kHz) had significantly higher final cell densities than CL controls (p < 0.01). Cultures grown under 10 kHz flashing light had the highest final cell densities, about 1.3 times those of the control cultures. Growth of I. galbana increased with increasing duty cycle from 11 to 40% (Figure 2 ). Under duty cycles from 40 to 80%, final cell densities were nearly constant and were about 1.7 times those under the 11% duty cycle (p < 0.05).
DISCUSSION
Relationship between light intensity and growth of I. galbana
Our results show that, at an irradiance of 4.5 mol photons m -2 d -1
, growth of I. galbana was higher under white light flashing at 10 Hz to 100 kHz (except for 50 kHz) than under non-flashing light or light flashing at 1 Hz ( Figure  1 ). In particular, cultures grown under flashing light at 10 kHz had the highest cell densities-about 1.3 times those under non-flashing light. Nedbal et al. (1996) found that the growth rate of green algae and cyanobacteria under light flashes of 1 to 100 ms (500 to 5 Hz) was about 10 to 20% higher than that under equivalent non-flashing light. Similarly, Park and Lee (2000) observed a positive effect on the growth of green algae from red flashing light with frequencies over 1 kHz in comparison with non-flashing light; cell densities under flashing light at 37 kHz were about 20% higher than those under non-flashing light. Although the optimum flash frequency for microalgal growth varies among studies, we observed a similar positive effect of flashing light on growth of I. galbana. However, we cannot explain why the growth under flashing light at 50 kHz was comparable to that under non-flashing light.
The light intensity that we used (104 µmol m -2 s Under low daily irradiance, n = 4 for CL control and 2.5, 30, and 50 kHz treatments; n = 6 for 1, 10, and 100 Hz, and 1, 5, 10, and 100 kHz treatments. Under high daily irradiance, n = 85 for CL control; n = 16 for 2.5 kHz treatment; n = 105 for 10 kHz treatment; n = 9 for 30 kHz treatment; n = 13 for 50 kHz treatment; n = 6 for 1, 10, and 100 Hz, and 1, 5, and 100 kHz treatments.
(200 µmol m -2 s -1 [Falkowski et al., 1985] ; 300 µmol m -2 s -1 [Sukenik and Wahnon, 1991] ). Although the light intensity that we used was below saturation, growth was enhanced by flashing light compared with non-flashing light. In contrast, under 60 µmol photons m -2 s -1 there was no enhanced growth relative to that with non-flashing light at any flash frequency. This light intensity was even farther below those in the previous studies mentioned above. It appears that the positive effect of flashing light on growth of I. galbana decreases with decreasing light intensity.
After 6 days the cell density in cultures under nonflashing light at 104 µmol m -2 s -1 was about 1.9 × 10 6 cells mL -1
. Photosynthetic oxygen production under flashing light is reportedly 5 to 25% higher than that under non-flashing light in high-density algal cultures (>1 × 10 7 cells mL -1
), whereas flashing light does not enhance oxygen production at relatively low cell density (1 × 10 6 cells mL -1 [Park and Lee, 2001] ). This is probably because of photoinhibition by high light intensity in cultures at low cell density. Although our cell densities would equate to a relatively low density in the study by Park and Lee (2001) , the light intensity that we used (104 µmol m -2 s -1
) was lower than that used in the previous study (280 µmol m -2 s -1 [Park and Lee, 2000] ) and below the reported values for light-saturated growth of I. galbana under non-flashing light (200 µmol m -2 s -1 [Falkowski et al., 1985] ; 300 µmol m -2 s -1 at a cell density of 2 × 10 6 cells mL -1 [Sukenik and Wahnon, 1991] ). Therefore, it appears that the lower growth of I. galbana under non-flashing light at 104 µmol m -2 s -1 than under flashing light was not caused by photoinhibition at low cell density.
Relationship between flashing light duty cycle and growth of I. galbana
Flash duty cycles from 40 to 80% produced greater I. galbana growth than the lower duty cycles of 11 and 30%, as measured by increases in cell densities (Figure 2) . Previous studies obtained similar results, with photosynthesis and growth under longer duty cycles higher than those under shorter duty cycles Park and Lee, 2000) .
In our experiment, the daily irradiance (4.5 mol photons m -2 d -1
) was equal for all light treatments. Therefore, the instantaneous irradiance increased with decreasing duty cycle. At duty cycles from 40 to 80%, the instantaneous irradiance during the light period of the cycle ranged from 65 to 135 µmol photons m -2 s -1
. For the lowest duty cycle in our study (11%), the instantaneous irradiance was 473 µmol photons m -2 s ; Sukenik and Wahnon, 1991) . Thus, the lower growth that we observed at lower duty cycles might have resulted from photoinhibition caused by high instantaneous irradiances.
Under flashing light at levels below light saturation (104 µmol m -2 s -1 ), the optimum conditions for growth of I. galbana were at flash frequencies from 10 to 100 kHz and duty cycles from 40 to 80%. These conditions enhanced growth in culture by a factor of 1.3 compared with growth under non-flashing light. 
